INTRODUCTION
Estimation of the Young's modulus of metals based on the resonance frequency of a given structure has been reported previously. In some of these methods, an electromagnetic or piezoelectric actuator has been used to induce resonance in the structure [1] . The resulting response could be measured by different means, for example by a piezoelectric device. In most cases either the excitation and/or detection require some form of contact with the structure. In many applications such a contact is not desirable, either because of its loading effect or limitation in accessing the object, especially when the object under test is too small for such measurements.
Here, we present a remote and contactless method for measuring the Young's modulus of a metallic rod. This method, called Ultrasound-Stimulated Vibro-Acoustic Spectrography (USVAS) [2] , utilizes a highly localized radiation force to excite the object and measures the frequency response of this object via a remote microphone. The resonance frequency is determined from the frequency response data. This method provides high spatial definition because it is capable of exerting an oscillatory force in a very small region of the object.
METHOD AND MATERIALS

Ultrasound-Stimulated Vibro-Acoustic Spectrography (USVAS)
When a collimated ultrasound beam impinges normally on the surface of an object, it will produce a radiation force on the object in the beam direction. This force is proportional to the time-average energy density of the incident wave [3] . USVAS employs the radiation force of two intersecting continuous ultrasound beams to remotely vibrate the object at an arbitrary low frequency [2] . Figure I illustrates a USVAS system. The ultrasound energy is produced by means of a two-element confocal ultrasound annular array transducer, consisting of a center disc and an outer ring. The elements are driven by two continuous wave (CW) sources, at frequencies equal to h and fz = h + AI, where these frequencies are close to the central frequency of the elements (fo ), and AI < < 10. The beams interact only in a small region near the joint focal point, where the amplitude of the pressure field oscillates at half the difference frequency, AI. The object is placed at the joint focal point. The change in the energy density due to the reflection of ultrasound by the object produces a radiation force component in the beam direction on the object [3] . This force oscillates at frequency AI in response to the temporal changes in the energy density caused by pressure amplitude modulation. The oscillatory radiation force, in turn, vibrates the object at AI. Object vibration elicits a sound field in the medium, which is received by a nearby microphone (or hydrophone) and recorded after digitization. It can be shown that the amplitude of the acoustic emission signal is a function of the frequency response of the object [2] . Hence, this signal can be used to estimate the frequency response and the resonance frequency of the object. This can be accomplished by sweeping AI in the range of interest, while keeping the amplitudes of the impinging ultrasound beams constant.
Estimation of Young's Modulus Using the Resonance Frequency
To compress a rod (length l, square cross section b x b) by an amount dl requires a force Eob 2 (dljl), where the constant Eo is called the Young's modulus [4] and can be expressed in units of pressure. Now, consider the rod to be clamped at one end and free at the other, and driven into resonance by an external force. The Young's Modulus of the rod, Eo, can be calculated from the following relation [4] : l4p Eo = 38.3/;2 fk (1) where IRis the fundamental resonance frequency of the rod in vacuum, and p is its mass density. In practice it might be simpler to measure the resonance frequency of the rod in a fluid, like water. The resonance frequency in water is lower than in vacuum because of the loading effect of water mass. The resonance frequency in vacuum (/R) can be calculated in terms of the resonance frequency in water (/w) as [6] : fR = fwJl + 1.19b 2 Pw/m (2) where m is the mass per unit length of the rod, and Pro is water density.
Experiment
The experimental setup is shown in Figure I . The free end of the aluminum rod (l=6 cm, b=9 mm ) was placed at the focal plane of the ultrasound beams in a water tank. Water temperature was IS.SoC (not controlled).
The confocal transducer was constructed using a spherical piezoelectric cap. The two elements were constructed by dividing the back electrode of the piezoelectric wafer into a central disc and the outer ring, such that the elements had identical beam axes and focal lengths. Radii of the elements were: aJ=14.S mm (inner disc), a2=22.S mm (outer radius of the ring), and a22=16.S mm (inner radius of the ring). The focal distance was 70 mm, and the center frequency, /0, was 3 MHz. Figure 2 shows the frequency response of the rod (acoustic emission amplitude versus frequency). The sharp peak indicating the fundamental resonance frequency of the rod in water, fw= 1712 Hz. Referring to Equation 2, the corresponding resonance frequency in vacuum is fR= 20S1 Hz. Finally, using Equation I, the Young's modulus of the aluminum rod is found to be: Eo = 6.97 X 1010 Pa, which is in agreement with the area is useful when an object (rod) with limited size and/or accessibility is to be tested. Another advantage of this method is its capability in non-contact excitation and detection. Detection of object motion using the acoustic emission field allows us to detect very small displacements because the sensitivity of the hydrophone used in the experiment is high enough to detect acoustic emission due to oscillatory displacements of the order of a few nanometers [2] .
RESULTS
There are some issues to be considered when using USVAS to estimate the Young's modulus as proposed in this paper. The frequency spectrum of the acoustic emission signal is a product of the object frequency response and the frequency response of the propagation medium (including the water tank) [2] . In order to assume that the latter would not have a major effect in determining the resonance frequency of the object, one must arrange the propagation medium to have a relatively flat frequency response in the vicinity of the object resonance frequency. Also a high Q (small relative bandwidth) resonating bar would make the measurement more accurate. Temperature variations can change the Young's modulus and water loading by changing the viscosity [2] . Therefore, the temperature needs to be controlled for more accurate estimation. In some applications, air coupling may be desirable instead of water or other liquids. In such cases, airborne ultrasound may be used. However, one must take into account the high attenuation and low sound speed of air when designing the system.
CONCLUSIONS
USVAS promises a new way for accurate and remote (non-contact) measurement of the Young's modulus of materials. An airborne version of USVAS would provide further flexibility in applications where water coupling is not possible.
